Purpose: A systematic method is proposed for optimising a promising preclinical arterial spin labelling (ASL) sequence based on the use of a train of adiabatic radio-frequency pulses labelling successive boli of blood water.
INTRODUCTION
Arterial Spin Labelling (ASL) allows tissue perfusion to be imaged by inverting the longitudinal magnetisation of inflowing arterial blood water. Due to their ability to characterise tissue perfusion non-invasively, ASL techniques are becoming precious tools in the assessment of a wide range of pathologies(1), including stroke(2), brain tumours(3) and epilepsy (4) .
ASL techniques typically divide into two categories, continuous ASL (CASL) and pulsed ASL (PASL). In CASL, flow-driven adiabatic inversion is used to continuously invert blood passing through a given plane (5) . Subtraction of the labelled and unlabelled image acquisitions provides contrast between well and less well perfused regions. CASL provides efficient spin labelling(6) but this is counter-balanced by the need for an extra coil to locally apply a continuous radiofrequency (RF) pulse and by important magnetisation transfer effects at higher magnetic fields. PASL techniques avoid these limitations by using single inversion pulses with standard MRI hardware. The most commonly used types of PASL are EPISTAR (7) , in which a slice-selective inversion is performed, and FAIR (8) , which combines slice-selective and global inversion. Inversion in PASL sequences is typically achieved by adiabatic pulses such as the hyperbolic secant pulses (HS) introduced by Silver et al. (9) . Here, the applied field expression is given by:
where 0 is the maximum 1 field applied, is a modulation angular frequency and a dimensionless parameter. If the adiabatic condition given by 0 ≫ √ / is met and ≥ 2, the resulting magnetisation is essentially independent of the amplitude of the 1 field, making the inversion insensitive to small magnetic field inhomogeneities (10) . It is often convenient to describe HS pulses in a phase-modulated reference frame that varies at a constant carrier frequency . Here, HS pulses of maximum amplitude 1 can be described by an amplitude modulation function,
and a frequency modulation function. and Signal-to-Noise Ratios (SNR) (11) . In recent years, different strategies by which to increase SNR without the additional hardware requirements of CASL have been investigated. The most common approach aims at reproducing a flow-driven pseudo-adiabatic inversion without additional coils. The resulting pseudo-Continuous ASL sequences (pCASL) consist of a series of short pulses, applied prior to image acquisition, mimicking the continuous flow-driven adiabatic inversion (12, 13) . pCASL sequences provide with higher SNR than PASL but, as CASL, are particularly sensitive to unbalanced magnetization transfer (MT) effects in labelling and control acquisitions. Modified pCASL sequences have been proposed in order to minimise such effects that cause measurement errors and reduction of the ASL signal (14) .
An alternative ASL method, seeking to combine the labelling efficiency of PASL with the continuous inversion advantage of CASL, was proposed by Moffat et al.(15) . Here, labelling is not based on flow-induced inversion, but on a train of adiabatic pulses inverting successive spin boli at the carotid level. Direct measurements in rat carotids (single-coil set up) showed that the pulses could achieve an average labelling efficiency of 0.79 (15), a similar value to the ones typically encountered in pCASL studies. To minimise magnetisation transfer effects, the adiabatic train is also applied during the control image but on the opposite side of the imaging plane and using an opposite sign gradient. In the seminal paper, the pulse sequence was referred as pseudo-continuous ASL but the envelop of the pulse train is far from that of the CASL one, since the inter-pulse delay (42-60 ms) is greater than the pulse duration (2ms). In fact, the resulting experiment could be compared to a multiple PASL, where each pulse inverts the spins of a blood water bolus. To avoid possible confusion and express the nature of the pulse sequence, this work will refer to this sequence as multiple boli ASL (mbASL).
Note, that a similar approach was also proposed by Ouyang et al. (16) who used multiple concatenated rf pulses (~100) to produce a pseudo-continuous magnetisation transfer insensitive labelling technique (pTILT). The main difference with mbASL is that pTILT relies on non-adiabatic excitation pulses, thus providing with lower SNR compared to pseudo-continuous inversion based alternatives.
The mbASL sequence has been successfully used in several studies probing rat brain perfusion (17) (18) (19) and comparison with autoradiography showed it can provide with quantitative cerebral blood flow (CBF) maps of the brain (17) . But despite promising results, no further development or optimisation studies have been performed (15) . However, analysis of the sequence (Figure 1 a) enables identification of several parameters that could be subject to optimisation, ranging from the HS pulse properties to the pulse train timing. Moreover, the multiple boli model suggests a parameter dependence on the physiology of the scanned animal (e.g. carotid blood flow), hence the sequence parameters used by the authors for rats could generate variable quality results for different animal strains or be inefficient when working with other species. The applicability of the mbASL sequence to different species, MR platforms and field strengths has to be demonstrated and its conditions have yet to be provided.
The aim of the present work is to achieve a better understanding of and optimised parameters for this adiabatic train ASL experiment. It is important to recognise that mbASL performance will be defined by interplay between a wide range of parameters: the duration and inversion efficiency of the labelling pulses, the width and position of the inversion slab, the number of pulses, the inter-pulse delay, the adiabatic labelling duration and time distance from imaging. Here, a systematic optimisation of mbASL is proposed, focusing on the parameters describing the train of adiabatic pulses, including the labelling duration and post-labelling delay (CI and TI), the number of HS pulses (n p ) and their related parameters (and ). This is performed on two strains of mice (C57 & CD1) and one strain of rats (SD). To evaluate the benefits of the optimisation, a direct comparison is made with the commonly used PASL technique of Flow-sensitive Alternating Inversion Recovery (FAIR) (8) .
METHODS

Animal preparation
Experiments were carried on C57 black mice (n = 12, weight: 23±3g), CD1 nude mice (n = 4, weight:
30±3g) and Sprague Dawley (SD) rats (n = 12, weight: 370±55g) (Charles River Laboratories).All experiments were performed in accordance with the local ethical review panel, the UK Home Office Animals (Scientific Procedures) Act 1986, and the United Kingdom National Cancer Research
Institute guidelines for the welfare of animals in cancer research (20) . The animals were anaesthetised in an adapted chamber with 5% isoflurane and a 3:7 O 2 /N 2 O ratio before being transferred to the MRI instrument.
MRI experimental setup
Experiments were performed on a Bruker Biospec Avance 7T imaging system with a 30 cm horizontal bore (Bruker, Germany). Homogeneous RF excitation was achieved using a birdcage volume resonator (diameter 72 mm, length 110 mm) and actively decoupled 4-channel phased array receive-only head surface coils were used for signal detection, with 22 mm length for mice and 35 mm length for rats (Rapid Biomedical, Germany). The system is equipped with shielded gradients producing up to 400 mT m -1 magnetic field gradients.
For in vivo experiments the animals were positioned prone on an adapted animal cradle and a hot water circulation jacket was used to regulate physiological temperature (36.5 o C -37.5 o C). The head was centred and held laterally by wooden conical rods placed in the ears. Longitudinally, the head was fixed by the nose cone used for anaesthetic gas delivery. The animals breathed spontaneously using the facemask, with isoflurane delivered at a constant flow mixed with a 2:3 ratio of Os 2 /N 2 O (1 L min -1 ). Isoflurane concentration was varied from 1.5 % to 3 %, in order to maintain stable respiration rates in normal physiological ranges (40-70 bpm for mice and 60-90 bpm for rats).
Respiration was monitored using a pressure sensor connected to an air-filled balloon placed under the abdomen of the animal (Biotrig software, UK).
ASL sequences
ASL experiments were performed using either the mbASL pulse sequence or the manufacturer standard Flow-sensitive Alternating Inversion Recovery (FAIR) pulse sequence ( Figure 1 mm offset for rats. The inversion slab width was set so as to cover most of the common carotid arteries, 8.5 mm for mice and 10.5 mm for rats. Note that for rats a relatively thinner slice was used so as to avoid the B 1 inhomogeneity regions that could affect the effective inversion of the lower RF bandwidth adiabatic pulses (21) . This will increase the number of pulses necessary to achieve pseudo- 
ASL data analysis
MRI data were exported in DICOM format and processed using in-house Matlab code (MathWorks 
MR experiments HS pulses ex vivo
Phantom experiments were performed in order to characterise the adiabatic inversion and slice selectivity of HS pulses and the role of HS parameters µ and β. These experiments were performed on a 20 mm diameter tube filled with a water solution doped with 1 g L -1 CuSO 4 (T 2 = 174 ms, T 1 = 359 ms). Single HS pulses were applied followed by a delay TI = 11 ms prior to acquisition. Inversion quality of the HS pulses, α, was evaluated by the ratio of the average signal in the inversion region to the reference signal (100% inversion) compensated for relaxation over TI.
Labelling duration and post-labelling delay (CI and TI)
The effects of the labelling duration (CI) and post-labelling delay (TI) on M mbASL were studied using a short CI followed by a variable TI: spins were inverted using five pulses (HS61080) evenly spread over 500 ms (CI), while TI was varied with 500 ms steps between 50 ms and 5000 ms.
Number of pulses (n p )
The effect of the number of pulses on M mbASL was evaluated by varying the number of pulses evenly distributed along CI, with TI and CI fixed at 50ms and 5000 ms respectively. The n p ranges were determined using preliminary experiments in rats and mice (n = 1). HS8720 pulses were used for these experiments.
HS pulses in vivo
The effect of HS parameters µ and β on the resulting M mbASL was evaluated by mbASL measurements using different HS pulses. TI was 50 ms, CI was 5 s, 10 HS pulses were used for mice and 20 pulses for SD rats. Although far from reaching the phase array coil RF duty cycle limits (2.5 W), some mbASL experiments were expected to produce more hardware heating than others, possibly affecting the performance of subsequent ones. This is particularly true for experiments using high  pulses (high amplitude/modulation) that require stronger current intensities (Supporting Figure S1 b ).
To minimise bias on the HS parameter evaluation, experiment ordering was randomised for each animal.
Comparison with FAIR
To evaluate the performance of the optimised mbASL, comparison was made with FAIR ASL using identical imaging parameters. CI was 5 s for mouse experiments and 4 s for rat experiments. For mouse experiments a train of 10 pulses was applied, while for rat experiments the number of pulses had to be adjusted: as optimal results were obtained for n p = 70 over 5 s, for a CI of 4s, n p needed to be of 56 in order to achieve the optimal inter-pulse delay t p . These experiments were conducted in separate imaging sessions from optimisation studies, including four previously unused animals.
RESULTS
HS pulse inversion quality and slice selectivity ex vivo ) adiabaticity seems to be compromised as did not reach the critical value (note that α increases with . For pulses with lower values (= 2), the quality of the inversion was lower, but no clear trend was observed. HS sech produced 93.9.6% inversion, while higher inversion was obtained for HS61080 (94.9%) and HS8720 (94.3%).
For region 1, low pulses produced more than 5% inversion outside the inversion plane, indicating poor slice selectivity. Except for HS4720 (5%), pulses of  ≥4 and ≥720 s -1 gave inversions below 2% in this region (sech 0.8%). For region 2, except HS4360 (10%) and HS4360 (4.5%), all pulses produce inversions below 2.5%, with sech (0.3%) and HS8720 (0.7%) having the lower inversion percentages. Labelling duration and post-labelling delay against the number of applied pulses. These plots allow identification of n p values maximising M mbASL , n p = 10 for mice and n p = 70 for SD rats. Note that for rats although the signal was still increasing at n p = 70 the slope of the curve indicates that the maximum value is almost reached. 
Number of pulses
Figure 5. Percentage of maximum M mbASL obtained in the whole brain against number of HS pulses for (a) C57 mice (n=5) and (b) SD rats (n=5).
HS pulse parameters
Figure 6. (a-b) Box plots showing whole brain average M mbASL as a percentage of M mbASL sech for different and values: (a) C57 black mice (n =5) and (b) SD rats (n = 5). The grey boxes correspond to non-measured values due to SAR limitations (rf power increases with parameters  and . (c) Number of times the HS pulse gave higher M mbASL than sech in the C57 experiments.
Comparison with FAIR ASL Figure 7 shows average M and SNR as a percentage of M FAIR and SNR FAIR . In mice, mbASL experiments provided at least 20% higher signal than FAIR and 60% higher SNR (Figure 7 a) . The HS pulse producing the higher M mbASL (HS8720) was also used in FAIR, providing a 10% M FAIR improvement. All mbASL experiments provided at least 20% higher signal than FAIR and 60%
higher SNR. mbASL 22520 showed the higher average performance (about 160% of M FAIR and 203% of SNR FAIR ) but poor stability, leading to a broad spread of outcomes. Considering both robustness and signal, mbASL 8720 gave the best results, generating on average 140% of M FAIR signal and 191% of SNR FAIR .
For rat experiments the mbASL sequences provided much better outcomes than FAIR. M mbASL sech and M mbASL 8720 were respectively 270% and 310% of M FAIR . The 23-pulse mbASL 2720
provided with 260% of FAIR signal, while the same HS pulse sequence using 56 pulses produced slightly lower outcomes, confirming the fact that above the optimal n p no additional signal gains are expected. Note that the 23-pulse mbASL 2720 has 92% lower SAR than mbASL sech. Overall, Figure 8 shows M images from this set of experiments. To allow comparison the same image scale was used for each set of images. Post mortem images acquired with mbASL 8720 had M levels lower than 5% of in vivo images, confirming that non-perfusion related signal input is negligible.
Figure 7. Average M and SNR for the whole brain region as a percentage of M FAIR and SNR FAIR (100%) for (a) C57 mice(n=7) and (b) SD rats (n=7). SNR values obtained with each ASL sequence are indicated in bold characters below each bar.
Figure 8. M ASL images for C57 mice and SD rats using FAIR and mbASL sequences (4 averages).
The furthest right image of each set corresponds to post mortem acquisition using mbASL 8720
The quantitative nature of mbASL measurements was interrogated by comparing the M distribution in different brain regions to the distribution obtained by FAIR. Figure 9 shows the relative signal in each brain region compared to the whole brain signal. Ratios above 1 correspond to regions were the average signal was higher than the average signal in the whole brain (e.g. cortical region). Note that no statistically significant M distribution differences were observed between the mbASL and FAIR sequences. quality (α) and HS parameters and  (22) . But the main goal of this set of experiments was to evaluate the inversion rate outside the aimed inversion region. In fact, depending on the distance between the inversion plane and the image, low slice selectivity pulses could compromise mbASL accuracy by directly labelling spins within the imaging plane. Considering that for in vivo experiments the imaging slice was set at 11 mm from the inversion slab for mice and 25 mm for rats, negligible labelling was expected on the image plane from most of the pulses in this range (Figure 3   g ). Phantom experiments also enabled investigating the effect of multiple adiabatic inversions on the same spins (Supporting Figure S2) , showing that a significant n p overestimation could be detrimental for mbASL as it might lead to signal loss. This effect is expected to be negligible on the fast flowing spins considered in vivo, but might cause signal loss for slow moving blood water spins. Despite their insight into HS pulse inversion quality and slice selectivity, phantom experiments have to be considered with caution, as only stationary water protons are considered. In vivo HS optimisation was therefore necessary in order to account for the effects of flowing blood spins in the presence of slice selection gradients (25) . Note that adiabatic pulse variants, as Frequency Offset Corrected Pulses (26) (FOCI), could provide with improved inversion and slice selectivity performances while reducing RF power requirements. Although high slice selectivity is not crucial for mbASL, and SAR was evaluated below 4W/kg for all experiments in this work, these optimised adiabatic pulses could be used to produce lower SAR mbASL sequences.
The first in vivo optimisation step focused on the pulse sequence timing. Measuring the M signal at different TI values (Figure 4 a-b) shows the contribution of each pulse in the train to the overall ASL signal. The cumulative representation (Figure 4 a-b) allowed to easily identify the labelling duration (CI) and post-labelling delay (TI) maximising M mbASL while avoiding unnecessary pulses to be applied. Note that the results showed very similar inflow curves in all regions of the brain (Supporting Figure S3 ), confirming that timing optimisation applies to all brain regions.
In order to get a deeper insight into the nature of mbASL labelling, the results of Figure 4 a-b can be analysed in terms of the kinetic model proposed by Buxton et al.(27) , where the M signal is defined by the combination of magnetisation delivery by arterial flow, magnetisation clearance by venous flow and T 1 relaxation. Here, this analysis is not straightforward as one has to take into account that each point in the plots corresponds to an averaged signal coming from blood spins labelled over 500 ms. For example, in the case of rat experiments (Figure 4 b) , M average for TI < 500 ms includes low contributions from inversions with TI lower than the arterial transit time (200 -400 ms) (6), hence the the signal maximum is achieved for 500 ms < TI < 1000 ms. In the case of mice experiments the signal maximum is achieved for higher post-labelling delays (1000 ms < TI < 2000 ms). This can be counter-intuitive as arterial transit times measured in mice are expected to be lower than in rats (80 ms) (28) . The fact than a greater bolus temporal width is observed in mice can be explained by the use of a relatively thicker inversion slice compared to rats (probably covering part of the abdomen), in conjuction with the use of 5 successive pulses, making the plot of M against TI look similar to ones typically observer in PASL techniques (27) . Note that the maximum signal is achieved at similar TI to the one maximising FAIR signal (~ 1750 ms). Using the standard kinetic model allows to reproduce the data shown in Figure 4 a (Supporting Figure S4 ) and provide with an estimate of the arterial transit time (50-100 ms) in good agreement with previously reported data (28).
The next optimisation step was to find the number of pulses maximising M mbASL ( Figure 5 ). Using large inversion slabs allows reducing the optimal n p (and lower SAR) but introduces analysis complications, as inversion boli cover more of the rodent circulatory system than just the carotid artery. Nevertheless, a simple bolus model, where the number of pulses is related to the average blood velocity (V), inversion slab length (L) and labelling duration (CI) provides useful insight into these results. In such model, the optimal n p is given by the ratio of CI to the time necessary to refill the inversion region following a pulse (t p ), n p =CIV/L. With same CI and similar L values for mouse and rat experiments (8.5 mm and 10.5 mm respectively) n p optimisation was expected to strongly depend on average blood velocities. This allows to explain the fact that much higher optimal n p values were encountered in rats where the blood flow(29) can be several times higher than in mice (30) . Further analysis also indicates a relationship between n p and the animal weight (Supporting Figure S5) , with larger animals requiring higher n p . The correlation was much stronger in the case of rats, which allows explaining why the used n p range was slightly lower than necessary to reach the ASL signal plateau Following optimisation of labelling timing and number of pulses, the in vivo performance of HS pulses was investigated. As discussed, in and ex vivo performances are expected to differ, since for in vivo experiments pulses are applied off-resonance(31) and on flowing spins (32, 33) . Moreover, Garcia et al. (22) showed that lower inversion performances are encountered when inverting blood water rather than tissue spins, which they attributed to magnetisation transfer effects. But in vivo pulse optimisation results ( Figure 6 ) must also be considered with precaution, as cerebral blood flow variations over the course of the experiments may modulate the outcome of the results. For mbASL experiments on mice, where the n p maximising M mbASL was used, the HS pulses giving the higher M mbASL were the same as the ones giving the higher inversion in the phantom experiments (e.g. HS8720). The main difference was identified in the low  pulses providing with much lower outcomes in vivo. For the rat experiments where a lower n p value than the one maximising M mbASL was used, low  pulses provided higher M mbASL (e.g. HS4360). Robustness was also considered in order to identify stable outcome HS pulses, as a high average M mbASL does not ensure satisfactory performances for each scan. In a basic approach, robustness was evaluated by the number of times a pulse gave outcomes better than the standard sech pulse.
Different optimal mbASL parameters were found for C57 mice and SD rats, with the greatest differences seen in the optimal number of pulses. To further investigate this subject dependence, we performed additional experiments on four CD1 nude mice. The CI, TI and HS parameters were fixed to the values that maximised M mbASL in the C57 black mice experiments (CI = 5 s, TI = 50 ms, HS8720). The higher M mbASL values in CD1 mice were obtained for 12 ≤ n p ≤ 20 where the sequence performance plateaus before starting to drop for n p = 24 (Supporting Figure S6) . The average weight and length of CD1 mice is greater than C57 mice, hence a slightly larger optimal n p was to be expected. This stresses the need to optimise mbASL for the species and strains being studied and suggests that identifying the n p maximising M mbASL provides with a fast optimisation protocol.
Comparison with FAIR ( Figure 7) showed that the mbASL sequence offers significant increase both in M ( about 140% of M FAIR in mice and 360% in rats) and SNR (about 200% of M FAIR in mice and 700% in rats). The high mbASL performances observed in rats were partly attributed to low FAIR performances. In fact, due to the short length of volume resonators used in pre-clinical systems, only the upper body of larger animals fits within the homogenous region of the resonator, with low lower body experiencing reduced B 1 fields. Thus, not all blood water in the body is efficiently inverted, leading to a reduced ASL signal. By using slice-selective inversion closer to the head, mbASL and pCASL sequences have an advantage over FAIR. From this set of data HS8720 appears to be the optimal pulse in the studied range for both mice and rat experiments, providing similar slice selectivity to sech pulse, with better inversion performance in vivo and 50% lower SAR. Note that HS 8720 also allowed to increase FAIR signal (Figure 7 a) (16, 34, 35) . An indirect comparison between mbASL, CASL and pCASL can be made using their relative SNR performances compared to FAIR. To minimise experimental bias caused by partial body labelling of FAIR in rats, this comparison has to focus on C57 mice data. While CASL SNR is 2.7 times higher than PASL in theory, it is only 30-50% in practice (11), while results in mice reported 50% SNR improvement for pCASL compared to FAIR (36) . These are to be compared with 91% higher SNR than FAIR achieved by the optimised mbASL 8720 sequence. Note that the labelling performances of mbASL are expected to be similar for different species (e.g. rats), as the use of adiabatic pulse inversion makes it less sensitive to flow variations than flow induced inversion sequences.
Finally, the optimised mbASL was shown to provide with proportional M distribution in the brain to FAIR (Figure 9) , showing that relative perfusion measurements were achieved and reinforcing previous studies demonstrating the quantitative nature of mbASL perfusion measurements in comparison with autoradiography (17) . Further CBF analysis of mbASL data was not included, assuming that parameter variations involved in the present study were not significantly affecting CBF quantification. This allowed eliminating additional inversion recovery scans, increasing available scanning time per animal and favouring a wider analysis of mbASL parameter effects. Nevertheless, results highlighting the hybrid PASL/CASL nature of mbASL (Figure 4 a-b) have to be considered carefully in order to achieve accurate CBF quantification. For example, quantification using PASL equations might be more accurate when a relatively thick labelling plane is used (e.g. C57 mice experiments). Quantitative CBF maps using the pCASL equations should be achievable when using a relatively thin labelling plane (e.g. SD rat experiments). This analysis suggests that mbASL CBF values will be situated within the range of CBF measurement discrepancies observed between PASL and CASL techniques (37) .
CONCLUSIONS
This work showed that high-SNR mbASL experiments could be achieved via a comprehensive optimisation protocol adjusting the sequence parameters to the studied species. Better understanding of mbASL properties allowed envisaging paths for further improvements. For example, a systematic study of HS pulse duration effects should lead to additional signal enhancement (22) . Moreover, strategies to lower power deposition were introduced so as to address SAR limitations that could occur where high n p values compared to the animal weight are required to maximise SNR (e.g. use lower adiabaticity HS pulses or alternative adiabatic pulses). Overall, this work demonstrated that, when properly optimised, the multiple adiabatic pulse mbASL can offer a robust, high SNR ASL alternative for rodent brain perfusion studies.
Note: Supporting information is available in the online version of the paper.
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